Abstract-Microchannel heat sinks allow the removal of dense heat loads from high-power electronic devices at modest chip temperature rises. Such heat sinks are produced primarily using conventional subtractive machining techniques or anisotropic chemical etching, which restricts the geometric features that can be produced. Owing to their layer-by-layer and direct-write approaches, additive manufacturing (AM) technologies enable more design-driven construction flexibility and offer improved geometric freedom. Various AM processes and materials are available, but their capability to produce features desirable for microchannel heat sinks has received a limited assessment. Following a survey of commercially mature AM techniques, direct metal laser sintering was used in this paper to produce both straight and manifold microchannel designs with hydraulic diameters of 500 µm in an aluminum alloy (AlSi10Mg). Thermal and hydraulic performances were characterized over a range of mass fluxes from 500 to 2000 kg/m 2 s using water as the working fluid. The straight microchannel design allows these experimental results to be directly compared against widely accepted correlations from the literature. The manifold design demonstrates a more complex geometry that offers a reduced pressure drop. A comparison of the measured and predicted performance confirms that the nominal geometry is reproduced accurately enough to predict pressure drop based on conventional hydrodynamic theory, albeit with roughness-induced early transition to turbulence; however, the material properties are not known with sufficient accuracy to allow for a priori thermal design. New design guidelines are needed to exploit the benefits of AM while avoiding undesired or unanticipated performance impacts.
I. INTRODUCTION
T HE need for compact packaging of high-power electronics has challenged the capacity of forced-air convection as a cooling approach, necessitating a shift toward microscale liquid cooling techniques in order to provide the required heat dissipation. Microchannel heat sinks are of significant technological interest; a variety of channel sizes, cross-sectional shapes, and fluids have been studied under both single-and two-phase flow conditions [1] , [2] . Microchannel heat sink geometries have typically been numerically optimized for single-phase flow conditions [3] - [5] .
One drawback of microchannels is the high-pressure drop associated with flow through the heat sink, which can be alleviated by the addition of a manifold layer [6] .
Such manifold microchannel (MMC) heat sinks reduce pressure drop by decreasing the flow length within the microchannels. Shorter flow lengths also result in a greater portion of the heat sink area experiencing higher heat transfer coefficients associated with developing boundary layers. Manifold designs allow for greater control over surface temperature uniformity and can lead to lower thermal resistances at a fixed pumping power than conventional designs [7] . MMC heat sink designs have been optimized for various performance objectives [8] , [9] , and dissipation of heat fluxes above 1 kW/cm 2 has been experimentally demonstrated [10] , [11] .
Microchannel heat sinks have been typically produced using traditional subtractive machining (e.g., dicing and micromilling) or microfabrication approaches (e.g., deep reactive ion etching and LIGA). The channels are often produced on a silicon substrate to mimic direct embedding in a computer chip or metal substrates in the case of attached heat sinks and heat exchanger applications. These fabrication approaches suffer from geometric restrictions; features must be generally rectangular and exist in a single plane. Complex design features such as 3-D curves or channels are exceedingly difficult or impossible to fabricate. Heat sinks also require attachment of a secondary lid to seal the channels; in the case of MMC designs, bonding of several layers including the manifold may become necessary.
A new additive manufacturing (AM) paradigm evolved from the pioneering work of Kodama [12] in the early 1980s, who developed a technique to fabricate 3-D structures by selectively curing layers of a photosensitive resin with a UV light source. This technique was quickly commercialized and is now commonly known as stereolithography (SLA). Additional techniques including fused deposition modeling (FDM) and laminated object manufacturing were developed and commercialized by the early 1990s [13] . Selective laser sintering, a process that uses a directed energy source (e.g., laser) to fuse powdered material, was developed by Deckard [14] . Laser sintering technology was a crucial step forward that enabled the use of metal powders to produce components. Despite significant refinement of the fabrication processes and introduction of new materials throughout the next two decades, AM remained largely confined to prototyping and research applications.
In recent years, additively manufactured parts have begun to appear in aerospace applications, where potential weight reduction and geometric flexibility are worth the cost associated with producing and qualifying the parts. Many companies, such as GE Aviation and Airbus, have leveraged AM systems to produce parts such as fuel nozzles, brackets, hinges, and tooling [15] . The National Aeronautics and Space Administration has invested heavily in additive technologies and has produced different engine components, including combustion chambers, turbines, pump housings, and injectors [16] , [17] . While these efforts illustrate the value of AM to industry, they also highlight challenges faced in widespread commercial usage, including accurate prediction of material properties, part repeatability, process standardization, and effective quality control [18] .
To date, there has been little work focused on additively manufactured microchannel heat sinks and heat exchangers, with even fewer studies targeted specifically at electronics thermal management applications. A number of studies have explored the manufacture of small channels using powder bed fusion additive processes. Stimpson et al. [19] , [20] characterized the effects of surface roughness on microchannel performance for gas turbine cooling applications, finding that parts produced with direct metal laser sintering (DMLS) have significantly higher roughness than machined components; this roughness significantly affects the hydraulic and thermal performance of the channels. Snyder et al. [21] also found that channel roughness significantly affected friction factor but not Nusselt number.
Kirsch and Thole [22] compared additively (Inconel 718; DMLS) and conventionally manufactured pin-fin heat exchangers having arrays of small cylindrical fins within a 25.4 × 25.4 × 1 mm 3 duct. Due to high internal surface roughness, the additively manufactured arrays demonstrated significantly higher (20%-60%) friction factors than comparable smooth pin-fin arrays; the Nusselt number augmentation was marginal and was more significant at tighter spacings. Kirsch et al. [23] demonstrated that fabrication of identical nominal geometries using different materials resulted in large variations in the actual geometry of the part produced. Changing a single-machine parameter can have an outsized impact on performance; for example, changing the beam offset by a small amount led to a three-times increase in friction factor.
Arie et al. [24] numerically optimized air-liquid heat exchangers based on the state-of-the-art fabrication process limitations of DMLS and demonstrated that designs tailored to the capabilities of AM can result in significant performance improvements compared to many conventional heat exchange surfaces. A manifold air-water heat exchanger was produced using DMLS in titanium [25] based on the design optimization. Despite geometric inconsistencies between the design and the printed part, the heat exchanger demonstrated 15%-50% higher heat transfer coefficients at a constant pressure drop compared to other types of commonly used heat exchanger surfaces.
Another work on additively manufactured heat exchangers includes the fabrication of a polymer-metal composite heat exchanger using fused deposition techniques as a low-cost alternative for dry cooling towers [26] . Dede et al. [27] fabricated an optimized aluminum alloy heat sink design using AM for jet impingement air cooling, which achieved a performance superior to various standard designs. Wong et al. [28] demonstrated the value of AM with a variety of pin-fin geometries designed to improve heat transfer performance through surface area augmentation. They noted that developing higher conductivity alloys, improving part density, and enhancing surface finish were challenges that needed to be addressed to fully utilize the potential of the technology. Gerstler and Erno [29] additively manufactured an Inconel heat exchanger (oil cooler) for airborne turbine engines; the DMLS-produced design was lighter, smaller, operated closer to specified pressure drop limits, and had a slight improvement in heat transfer performance compared to the existing design. Scheithauer et al. [30] produced a ceramic heat exchanger with a complex 3-D geometry that could only be fabricated with AM; they identified key challenges with respect to the optimization of additive designs.
As the range of viable commercial applications of AM technology continues to expand, it stands to offer large benefits to the heat exchange industry whose products rely on complex geometry to enhance performance and efficiency. However, as the limited research into this area has found, the processes underlying AM must be evaluated and understood before it can be fully utilized. Many technologies do not accurately reproduce the heat sink geometry, and the properties resulting from the manufacturing process lead to concerns such as surface roughness that must be quantified and taken into account when designing for additive production. Nearly all of the additively produced thermal management components presented earlier use a variation of a powder bed fusion process (DMLS); the justification for this choice is not discussed in the associated publications.
This paper surveys AM technologies to determine the techniques that are likely capable of producing desirable heat sink features and to explain the selection criteria for a microchannel heat sink application. After identification of feasible processes and consideration of their capabilities relative to this application, DMLS is utilized to produce several heat sink designs. The heat sinks are experimentally characterized to assess their performance relative to design predictions, as well as to demonstrate how the AM technology can readily produce features that offer a performance benefit. Discrepancies between the measured and predicted performance, owing to characteristics of the AM process, are discussed.
II. PROCESS SELECTION
Desirable features that beneficially manipulate flow in microchannel heat sinks include convective enhancements, channels with variable cross sections, and fully 3-D flow paths (including out-of-plane directions). Fabrication approaches must offer the ability to design for high-heat-flux, low-thermalresistance operation and hotspot targeting, potentially via integrated manifolds. The surface finish, geometric accuracy, and the ability to produce the heat sink as a single monolithic piece are also of concern. Materials used for heat sinks must typically offer high conductivity, low weight, and compatibility with the variety of liquids that are commonly used in applications, including water, refrigerants, and dielectrics. The two-phase operation would require consideration of additional features such as nucleation site enhancements and vapor extraction, but is not the focus of this paper.
Many of these heat sink features have overlapping fabrication requirements that map to a short list of desirable AM process capabilities. Smaller feature sizes would allow for channel-level convective enhancements and controlled channel geometry. Consideration of the desired design capabilities requires additive processes capable of producing complex internal geometries such as perpendicular unsupported surfaces, thin walls, and flexibility in building orientation. The material selection should offer high thermal conductivity and low porosity. Material choice, surface orientation, and process parameters (e.g., laser power and scan speed), all influence surface finish [19] , [20] , [31] .
Current state-of-the-art process capabilities of AM techniques were surveyed to identify those most suitable for microchannel heat sink applications. The survey was restricted to commercially available, mature techniques that have product literature available. Information on process capabilities and specifications was obtained from AM equipment vendors, services, and academic reviews [32] - [35] . For specifications such as the minimum feature size, the manufacturer-quoted machine capabilities often did not align with services offered by third-party vendors. A representative range of values can be estimated by comparing multiple pieces of equipment using the same technique. Due to the rapid pace of research advances into nearly all AM techniques, it is expected that processes, equipment, and materials selection will improve and expand the design space available. The conclusions of this survey extend to other thermal management applications that share similar feature requirements, such as for compact heat exchangers.
After compiling information on a wide variety of AM technologies, they were assessed for application feasibility. Material requirements restrict selection to processes capable of utilizing metals, eliminating widely used techniques such as SLA and FDM. The desire for complex internal geometries further eliminates directed-energy-deposition methods such as laser-engineered net shaping [36] , which use a powder or wire feed and an energy source to deposit molten metal where desired. These processes generally have larger minimum feature sizes and lower resolution than would be preferred for this application. Binder jetting, a technique that first utilizes a resin to bind particles together into a "green" part which is then sintered to produce the final solid piece, is another option. Binder jetting has advantages in material selection, build speed, and total build volume; however, shrinkage during sintering and difficulty in producing fully dense parts [37] are significant concerns for the production of microchannel heat sinks.
The remaining AM techniques considered include powder bed fusion processes and electrochemical fabrication (EFAB). For powder bed fusion processes, a laser or an electron beam is typically used as the energy source; these are, respectively, referred to as DMLS and electron beam melting (EBM) in the text to follow. EFAB refers to a class of processes utilizing conventional photolithography and electrodeposition of metals. This layer-by-layer technique electrodeposits metal on top of a photo-defined sacrificial support layer, filling the cross section where solid geometry is needed. Each layer is planarized, and the support structure is chemically etched away after all layers are formed, leaving behind a solid metal structure. Table I shows a comparison of the typical process capabilities for DMLS, EBM, and EFAB. Because DMLS and EBM differ only in terms of the energy source, the capabilities and materials available for each are largely identical; minimum 
III. EXPERIMENTAL METHODS

A. Heat Sink Design and Fabrication
A conventional straight-channel design is first investigated in order to demonstrate the AM and testing of a microchannel heat sink. This design allows comparison of the experimental results to well-established correlations to determine if any discrepancies in performance can be attributed to the manufacturing technique. The geometric simplicity also reduces challenges associated with producing small interior geometry with a powder bed fusion process in this baseline step. The geometry selected for this heat sink is based on conservative fabrication constraints rather than optimized performance.
The straight microchannel (SMC) design ( Fig. 1(a) ) consists of 16 identical channels of square cross section running lengthwise along the heat sink and covering a 15 mm × 15.5 mm footprint area. The channels share a common inlet and outlet headers, with pressure taps located at each end of the channel. The critical dimensions of the heat sink geometry were chosen primarily based on the surveyed capabilities of the selected DMLS process, namely, a minimum feature size of ∼150 μm and a minimum solid wall thickness of ∼300 μm, with ∼50-μm tolerances. The square channel size was conservatively chosen to be 500 μm × 500 μm (D H = 500 μm), an order of magnitude larger than the nominal tolerance. The solid walls between the channels also have a cross section of 500 μm × 500 μm and act as fins to increase the heat transfer area. The solid base thickness is 1 mm to reduce the potential for leakage due to porosity of the material, with a 250-μm-deep, 1000-μm-wide groove running from one edge of the base surface to the center to allow placement of a thermocouple to measure the temperature at the center of the base.
Although useful for comparing the results to conventional correlations, SMCs do not demonstrate the value added by AM in terms of geometric featuring. A second MMC design ( Fig. 1(b) ) was investigated in order to demonstrate AM of a more complex heat sink geometry that offers potential performance benefits. A top manifold layer is incorporated to split the flow in parallel into multiple inlets and outlets along any one microchannel. This reduces the maximum flow length through the microchannel cross section, thereby decreasing the pressure drop along the heat sink. The bottom layer of microchannels retains the same dimensions as in the SMC design; the base thickness is the same. The manifold layer is 1.50 mm thick with 1.00-mm-wide walls separating the manifold inlets and outlets. Several studies have shown that for single-phase flow, the optimal ratio between the manifold inlet width and the manifold outlet width is 3:1 [8] , [9] . A 1.50-mmwide inlet and 0.50-mm-wide outlet are chosen accordingly, leading to an effective flow length of 2.00 mm through the microchannels, compared to the 15.00-mm flow length of the SMC design.
Although it is possible to fabricate both of these designs using conventional manufacturing processes, AM offers the advantage of monolithic construction. Subtractive cutting/ etching of SMCs into a substrate requires that a separate lid is sealed on top of the heat sink; the manifold design requires three layers (microchannels, manifold, and lid) to be aligned and sealed. In comparison, the heat sinks are produced herein as a single part without requiring any assembly.
Both heat sink designs were fabricated using DMLS (EOS M280) through a commercial vendor (GPI Prototype & Manufacturing Services); the material is AlSi10Mg. Aside from removal of the support substrate using wire electric discharge machining, no postmachining or posttreatment processes were applied to the part after fabrication. Interferometry measurements (Zygo, NewView 6200) of the exterior surfaces showed that the surface roughness (Ra) is ∼20 μm double the nominal manufacturer-specified value [38] and similar to that of other additively produced aluminum pieces [28] . The exterior surface roughness is visible in Fig. 2 , which shows photographs of the two heat sinks, with cutouts to allow for visual inspection, produced using the same process and equipment as the samples fabricated for experimental characterization. The surface roughness on the interior features is qualitatively higher due to "burn," i.e., partial sintering of loose powder to nearby solid features that can be exacerbated by heat buildup within the part during fabrication. Microcomputed tomography (μCT) scanning was used to nondestructively investigate the porosity of the material produced using this DMLS process. A small (1.5 mm × 1.5 mm × 1.5 mm) cube of the material was fabricated for the purpose and scanned (Bruker microCT, SkyScan 1172); the porosity was <0.1%, within the stated range for the material [38] . This sample cube was fabricated using the same processing parameters as the heat sinks and is, therefore, representative of the solid printed material in the heat sinks.
B. Experimental Facility
A flow loop facility (Fig. 3 ) was constructed to characterize the hydraulic and thermal performance of the additively manufactured microchannel heat sinks. The working fluid, deionized water, is circulated through the closed loop at a constant flow rate using a gear pump (Micropump, DP-415A drive with a GA-T23 pump); this positive displacement pump ensures that the same range of flow rates can be tested regardless of changes in the pressure drop between heat sink designs. A 7-μm particulate filter is used to remove debris from the fluid and is sized to be smaller than the diameter range of the powder particles used to produce the heat sinks (∼30-70 μm) in the event that loosely sintered particles become dislodged during operation. The flow rate is measured using a turbine-style flowmeter (McMillan, 106-5DHT, 50-500 mL/min, ±1.0% FS) and then preheated to set a constant temperature at the inlet of the test section using a heating cable wound around the stainless steel tubing and a temperature controller (Glas-Col, TOT-1200). For all tests, the temperature of the fluid at the inlet of the test section is 30°C. After passing through the test section, the flow is cooled by passing through a custom tube-in-tube heat exchanger before being returned to the reservoir. Cooling water flows through a secondary loop; this is not shown in Fig. 3 . The reservoir is sealed, but flexible, such that the reservoir pressure is maintained equal to the ambient pressure during testing. It is important to note that in many applications, the material compatibility of aluminum alloys and deionized water may be of concern for long-term operation. Compatibility was not evaluated in this paper and was not relevant for the short duration of the experiments conducted.
Within the test section (Fig. 4) , two T-type thermocouples (Omega, TJ36-CPSS-020U-6, ±1.0°C) measure the inlet and outlet temperatures of the water entering the heat sink; a third T-type thermocouple (Omega, 5TC-TT-T-40-36, ±1.0°C) measures the heat sink base temperature from within the groove on the base heat sink surface. The differential pressure is measured (Omega, PX2300-10DI, 0-10 psi, ±0.25% FS) across the microchannels using the inlet and outlet pressure taps within the heat sink. The positioning of the pressure taps immediately upstream and downstream of the microchannels avoids the minor losses in the inlet and outlet headers being included in this measurement. Prior to assembling the test section, the top and bottom surfaces of the heat sink are manually polished with 1000-grit sandpaper in order to allow for a better seal against O-rings on the top surface and better contact with the heater on the bottom. Power to the heat sink base is provided by a 12 × 12 mm 2 ceramic heater (Ultramic, CER-1-01-00334, 200 W). Voltage is measured across the heater; current is measured using a shunt resistor. A thermal gap pad (Bergquist, Gap Pad A3000) is placed between the heater and the heat sink surface to limit the temperature rise of the heater and provide a consistent thermal interface resistance for purposes of calibrating the heat loss. A polyether ether ketone (PEEK) spacer helps to position the heater with respect to the heat sink and insulates the backside of the heater to minimize heat losses. After assembly, the test section is then compressed using spring-loaded bolts to ensure a consistent interfacial pressure between the heater and heat sink. All sensor measurements are collected at 0.5 Hz with a data acquisition system (Agilent, 34970A) utilizing a 20-channel multiplexer (Agilent, 34901A).
C. Test Procedure
Prior to conducting any tests, the heat loss is estimated by assembling the test section and applying power to the heater without any fluid present. The steady-state heat sink base temperature is recorded as a function of power input, allowing for correlation of the temperature-dependent heat loss during thermal testing based on the base temperature. A best-fit line through the heat loss calibration test data, assuming a zero intercept, yields an empirical correlation for the heat loss. Heat loss ranges from 1.4% to 3.2% for the heat inputs investigated in this paper. Prior to testing, fluid is allowed to flow through the heat sink for several minutes in order to flush out any loose particles that might be inside following fabrication; a bypass line is used during this flushing at flow rates beyond 500 mL/min.
To characterize the hydraulic performance, the flow rate through the unheated test section is incremented in steps of ∼33 mL/min over a range from 100 to 500 mL/min. Steady flow conditions are achieved at each flow rate, and the pressure drop across the test section is measured.
To characterize the thermal performance, the heater power is incremented from 0 to 200 W in steps of 10 W at each fixed value of flow rate. The heat sinks were each tested at four flow rates of 120, 241, 361, and 482 mL/min (corresponding to mass fluxes of 500, 1000, 1500, and 2000 kg/m 2 s). At each test point, the system is allowed to reach steady-state conditions, and then data are recorded for 60 s and are time-averaged over this period to give a single value for each measured variable at each test point. The flow is considered steady when the variation in pressure drop is less than 50 Pa and the temperature variation is less than 0.1°C.
D. Data Reduction
The Reynolds number of the flow is calculated as
where the mass flux is calculated from the measured flow rate according to
The Fanning friction factor of the heat sink is calculated directly from the pressure drop measured using the differential pressure transducer as
For the SMC design, the measured friction factor for developing flow in the laminar regime is compared to a value predicted based on correlations from the literature. The fully developed Fanning friction factor can be predicted by [39] 
The developing flow length (L dev = 0.05ReD H ) is a significant fraction of the channel length for the range of flow rates tested for the SMC heat sink design. An additional correction factor (Hagenbach factor) must be considered to account for developing flow effects, and is given by [40] K ∞ = 0.6796 + 1.2197α + 3.38089α 2 − 9.5921α
The developing friction factor is then calculated as [40] 
The friction factor correlations described earlier consider neither the minor losses associated with contraction from the inlet header into the channels nor the expansion from the channels into the outlet header, which are included in the measured pressure drop data. Hence, the minor pressure losses are estimated and added to the predicted channel pressure drop to facilitate a direct comparison to the measured value (3). These minor pressure losses are calculated as follows [41] , with the areas A 1 and A 2 being the cross-sectional area, f 1 and f 2 being the friction coefficients, D 1 and D 2 being the hydraulic diameters, and L 1 and L 2 being the lengths of the header and the channels, respectively
Due to the very large value of the relative roughness of the channel inner walls, for which turbulent flow friction factor correlations are not available, the measured data are not compared to predictions in the turbulent regime. The thermal performance is characterized using the overall heat sink resistance, calculated directly from the measured base and fluid inlet temperatures and loss-adjusted heat input
For the SMC design, the overall resistance can be decomposed via a resistance network into four constituent parts representing the resistances due to conduction through the heat sink base, conduction through the channel walls, convective resistance between the channel walls and the heat transfer fluid, and caloric resistance within the fluid along the channel length, respectively, given as
This decomposition of the total resistance allows a heat transfer coefficient to be extracted from the experiments. The caloric resistance is directly evaluated from measured values. The conduction and fin wall resistances are estimated as follows by assuming that the thermal conductivity is equal to the nominal value for the material used (k s = 110 W/m-K) [38] . The wall base temperature was calculated assuming 1-D conduction across the base thickness (10) . The average wall temperature was calculated assuming that the wall acts like a fin with adiabatic tip conditions, using a corrected fin length of 1.5× the channel height to account for four-sided conduction around the channel
This differs from prior experimental studies that assume threesided conduction for cases where the top lid is a different, insulative material through which no heat is assumed to be transferred to the fluid. An iterative process is used to calculate the average fin wall temperature. An initial guess of unity is assumed for the overall surface efficiency to allow calculation of the heat transfer coefficient and individual fin efficiency; these values are then used to determine an adjusted surface efficiency. This iterative process continues until the initial and adjusted values converge to within 0.1%. The average fin temperature and, hence, convective resistance, is then trivially calculated by knowing the converged heat transfer coefficient. The heat transfer coefficient is used to calculate the heat sink Nusselt number
The measured heat transfer performance within the laminar flow regime is compared to that predicted using correlations. An average Nusselt number over the channel length, weighted to account for the extent of the developing and fully developed portions of the flow, is calculated and compared with the measured data. The constant Nusselt number for fully developed laminar flow in rectangular channels is calculated using [42] The flow in the heat sink is simultaneously hydrodynamically and thermally developing; the average Nusselt number in that region is given as [43] Nu dev = 1.86
E. Uncertainty
The measurement uncertainties of the sensors used are listed in Table II , per the manufacturer specification sheets. The uncertainty in the calculated values was determined using the sequential perturbation method [44] and is also listed. The friction factor uncertainty is dependent on both the flow rate and differential pressure measurements and is highest at low flow rates over the range of Reynolds numbers investigated. The thermal resistance and Nusselt number uncertainties are dominated by the uncertainty in the temperature measurements, which is highest at low powers where the temperature difference between the heat sink and fluid is low. Above inputs of 50 W, the relative uncertainty is under 10% for both R tot and Nu.
IV. RESULTS
The hydraulic and thermal performances for the two heat sink designs are presented here. The performance of the SMC heat sink is compared with predicted values from commonly used laminar-flow correlations in order to determine how the behavior of additively manufactured heat sinks may differ from conventional theory, due to their method of fabrication. Results for the MMC heat sink demonstrate the ease of fabrication of complex structures via AM in order to achieve a pressure drop reduction. Fig. 5 shows the measured Fanning friction factor (3) as a function of the Reynolds number for the SMC heat sink. The trend in friction factor matches the conventional behavior for internal flow: there is a monotonic decrease with increasing Reynolds number in the laminar regime, followed by transition to a higher, relatively constant value for turbulent flow. The transition occurs at a critical Re of ∼600, based on the location of the minimum friction factor. Although this transition occurs at a relatively low Reynolds number compared to smooth channels, the value lies within the expected range for very rough microchannels, in which transition has been observed to occur at Reynolds numbers as low as 500 [45] , [46] . Assuming that the internal roughness of the 500-μm channels is as large as that measured for the outer surfaces (Ra = 20 μm), early transition should be expected for this high relative roughness of ∼4%. Because microchannel heat sinks are often designed assuming laminar flow behavior, this early transition to turbulence is an important factor when considering the design and use of additively manufactured heat sinks.
A. Hydraulic Results
The measured friction factor is compared with laminar-flow predictions for the SMC design in Fig. 5 . The friction factor behavior is reasonably predicted in the laminar regime; the corresponding pressure drop predictions are accurate to within ±0.5 kPa prior to the critical Reynolds number, beyond which the measurements diverge from laminar theory as the flow transitions to turbulence. Although the roughness introduced by the fabrication process causes early transition to turbulence, the hydraulic behavior of the SMC heat sink is predictable with conventional theory within the laminar regime. This indicates that the target dimensions of the heat sinks were achieved in the fabrication process and confirms that heat sinks can be additively manufactured with features sizes as small as 500 μm while still meeting predicted hydraulic performance targets. Fig. 6 compares the measured pressure drops across the SMC and MMC heat sink designs over the same range of Reynolds numbers. The MMC design yields a lower pressure drop across the range of Reynolds numbers tested. At the lowest flow rates, the reduction can be as large as 90% (Re = 210); at higher flow rates, the reduction in pressure drop is approximately 40% (Re = 1175). From inspecting the location of the change in the slope of the pressure drop curves, it appears that the manifold design also demonstrates an early transition to turbulence at Re =∼ 800. The roughness inherent to DMLS fabrication is found to restrict the range of the laminar design space. Nevertheless, this result demonstrates successful design and additive manufacture of more complex heat sink features that are capable of reducing pressure drop.
B. Thermal Results
For a given heat sink geometry and flow rate, the thermal resistance is expected to be constant with power input during single-phase operation; changes in heat flux translate to proportional changes in the streamwise temperature gradient within the fluid and the local temperature difference between the convection surface and the bulk fluid. Per the test methodology (Section III-C), data were collected across a range of power inputs from 0 to 200 W. The values of thermal resistance across the entire range of power are all within 7% of the reported mean values at each flow rate (see the Appendix). Due to the near-constant values across each range of power inputs, the following discussion refers to the arithmetic mean of all test points for a given heat sink and flow rate.
The measured total thermal resistance is decomposed into the component resistances specified in (10)- (13) . Across the four flow rates tested, the convective resistance contributed between 71.5%-75.5% of the total thermal resistance, indicating that heat sink performance was not primarily governed by conduction through the solid geometry; fin efficiencies were calculated to be in the range of 0.93-0.97. The measured Nusselt number of the SMC design is shown in Fig. 7 at each flow rate. Because of the developing flow conditions in the heat sink, the Nusselt number increases with Reynolds number; higher heat transfer is achieved at the higher flow rates. The three highest mass flux cases are not in a laminar regime but have relatively low Reynolds numbers (661, 974, and 1298) for which turbulent heat transfer correlations are not valid; this presents a challenge for predicting the performance of the additively manufactured heat sinks in this paper that undergo an early transition to turbulence.
The Nusselt number can be predicted and compared with the measured value for the lowest Reynolds number case that lies in the laminar flow regime. The predicted laminar Nusselt number accounting for developing flow effects is 45% higher than the measured value (5.93 versus 4.08). While the successful hydraulic performance comparison suggested that the nominal microchannel geometry was adequately reproduced (Section IV-A), this thermal performance comparison raises the question of whether the material thermal properties (e.g., thermal conductivity) and base/fin resistances can be adequately approximated using the nominal thermal conductivity values of printed material [38] ; for example, an underestimate of these conduction resistances, while extracting the Nusselt number from the experimental data would lead to this observed overprediction. Further investigation is required to identify the cause for the mismatch in the thermal performance between the measured and predicted values. Along with surface roughness, the uncertainty in the properties of additively manufactured materials poses a challenge to predictive design of AM microchannel heat sinks.
The overall thermal resistances of the SMC and MMC heat sink designs are compared as a function of Reynolds number in Fig. 8 . The MMC designs display the same decreasing trend in resistance with increasing Reynolds number as was previously discussed for the SMC design. However, the MMC design has a higher thermal resistance across the range of mass flux tested, ranging from 0.65 to 0.45 K/W compared to a range from 0.50 and 0.29 K/W for the SMC design.
The primary function of the added geometric complexity of the manifold design is to reduce the maximum flow length along each flow path in the microchannel; this goal was successfully achieved in terms of the reduced pressure drop (Fig. 6) . However, both microchannel heat sink designs utilize the same-sized square microchannel geometry, which would be expected to yield similar heat transfer performance, aside from developing flow effects. While MMC heat sink designs can potentially offer improved thermal performance due to an increase in the percentage of developing flow along the shorter channel length [8] , this trend is not observed in the current data (Fig. 8) . We speculate that this is due to the difference in the convective area between the two designs; the SMC heat sink has all four sides of the channel available for convection, whereas the MMC heat sink has only three, with the manifold on the fourth side. This is an important example of how the perceived benefits of additively manufacturing a heat sink (monolithic, no layer-bonding) may have such unexpected drawbacks that must be anticipated at the design stage. This calls for revision of notional heat sink design guidelines accounting for such factors to accommodate AM techniques. In addition, future work should target narrower channels of higher aspect ratio (depth to width), for which the use of a manifold design is known to improve the thermal performance at an equivalent pressure drop compared to SMC designs [8] . This would better justify the added geometric complexity enabled by AM.
The insights gained from this paper, which offer an improved description of the fabrication constraints and sets expectations on fidelity to the design targets, will be used in ongoing work that explores heat sink designs exploiting features unique to AM. The geometric freedom and complexity allowed by this technology have the potential to usher in a new generation of designs that benefit from nearly unrestricted optimization and shapes beyond those that can be currently produced while also being smaller and lighter. It also has relevance beyond microchannels and could expand into other areas of thermal management and larger scale heat exchangers, ultimately allowing for one-off, application-and performancespecific solutions.
V. CONCLUSION
This paper designed and experimentally characterized additively manufactured microchannel heat sinks targeted for electronics cooling applications. An SMC heat sink and an MMC heat sink were designed, representative of simple and intermediate geometric complexities. The SMC design allows direct comparison of the hydraulic and thermal performances against predictive models to assess part fidelity; the MMC design allows demonstration of monolithic integration of flow manifolds via AM. Both designs were fabricated in an aluminum alloy using a commercial DMLS machine following a survey of AM technologies; downselection was based on features desirable for this particular microchannel heat sink application. The conclusions of this survey can be translated to other thermal management applications based on the specific feature requirements. The fabricated heat sinks had a high surface roughness, above the quoted range of the material and process. Material porosity was measured to be less than 0.1% utilizing nondestructive μCT scanning.
Both the SMC and MMC heat sinks were experimentally tested in single-phase operation over a range of flow rates and heat inputs, using water as the working fluid. The results show that the hydraulic performance of the SMC heat sink is well predicted by established correlations when the flow is laminar. The high internal roughness leads to an early transition to turbulence (Re < 800) for both heat sinks, limiting the range of operation predictable using standard correlations for laminar flow. The incorporation of a manifold reduced the pressure drop by 40%-90% across the range of flow rates tested, without incurring any significant fabrication effort beyond that of the SMC design. A mismatch between the measured and predicted thermal performance for the SMC heat sink suggests that the nominal material thermal properties might not yield accurate estimates of the conduction resistances in the heat sink. This paper expands on the limited research into AM of microchannel heat sinks, demonstrating the applicability of conventional hydrodynamic theory to samples produced by AM while also highlighting several challenges associated with design in this new manufacturing domain.
APPENDIX
The total thermal resistance (9) is shown as a function of power input for the SMC and MMC designs in Figs. 9 and 10 , respectively. These plots illustrate the individual test points that have been averaged for each flow rate for presentation in Section IV, as well as the variation of uncertainty with power.
